New tungsten isotope data for modern ocean island basalts (OIB) He. These data indicate that each OIB system accesses domains within Earth that formed within the first 60 million years of solar system history. Combined isotopic and chemical characteristics projected for these ancient domains indicate that they contain metal and are repositories of noble gases. We suggest that the most likely source candidates are mega-ultralow-velocity zones, which lie beneath Hawaii, Samoa, and Iceland but not beneath hot spots whose OIB yield normal Although several studies have examined the W isotopic compositions of modern mid-ocean ridge basalts (MORB) and ocean island basalts (OIB) (5, 7, 9, 10), no anomalous isotopic compositions have yet been reported for these types of rocks.
is a powerful tool for studying planetary differentiation processes that occurred within the first~60 million years of solar system history, while 182 Hf was extant (2) . The system is particularly sensitive to the timing of metalsilicate segregation, such as occurs during planetary core formation, given that tungsten (W) is moderately siderophile and hafnium (Hf) is strongly lithophile (3) . This results in most W residing in metallic cores and all Hf being sited within the silicate portions of differentiated bodies. In the case of Earth, the main stage of core formation occurred while 182 Hf was alive, resulting in the core ( 184 W from terrestrial standards in parts per million) as high as +20. These excesses have been interpreted to reflect large-scale metal-silicate or silicate-silicate fractionation processes that occurred within the first 60 million years of solar system history (7, 8) . Alternately, they may reflect derivation from mantle that had not yet received its full inventory of late accreted materials, which could be characterized by high W concentrations and low m 182 W (5, 6) .
Tungsten isotopic heterogeneity is not limited to ancient rocks. m 182 W values as high as +48 have been reported in flood basalts as young as 60 million years (9) , indicating long-term preservation of W isotopic signatures formed early in Earth history. Although several studies have examined the W isotopic compositions of modern mid-ocean ridge basalts (MORB) and ocean island basalts (OIB) (5, 7, 9, 10) , no anomalous isotopic compositions have yet been reported for these types of rocks.
Here, we report W isotopic data for MORB and OIB that range in age from~20 million years to recently erupted lavas, to further examine the W isotopic composition in the modern mantle. In our examination of young, broadly basaltic rocks, we include samples from the major mantle components defined by variations in long-lived radiogenic isotope systems (11): enriched mantle 1 (EM1), EM2, high-m (HIMU), and depleted MORB mantle (DMM). Attention is focused on rocks from the Hawaiian and Samoan OIB hot spots because of the wide range of chemical and isotopic compositions sampled by lavas at these hot spots, including the presence of ancient recycled crustal materials as well as high 3 He/ 4 He components. These results are compared with data for other radiogenic isotopic systems and helium (He) isotopic compositions.
Tungsten concentrations for the OIB we examined range from 9.4 to 967 parts per billion (ppb) ( Table 1 ). In general, W concentrations are consistent with the combined effects of partial melting and crystal-liquid fractionation of melt derived from mantle with normal W abundances (12) . When comparing the Hawaiian and Samoan suites, concentrations for Samoan basalts, on average, are slightly higher than that of the Hawaiian suite ( fig. S1 ). However, the highest concentrations for individual rocks are for Kilauea Iki samples KI67-2-85.7 and KI81-2-88.6, which are late-stage fractionates of the lava lake that formed in 1959 (13).
We determined m 182 W values for OIB ranging from +3 to -18 (Table 1 and Fig. 1 Hf was alive) and subduction of an incompatible trace element enriched protocrust, followed by long-term isolation in the deep mantle, is another means by which a mantle reservoir with m 182 W < 0 could be formed (15) . If either of these two processes is responsible for the negative anomalies in the Hawaiian, Samoan, and Icelandic systems, the preservation of the isotopic evidence in modern rocks would require isolation of the chemically distinct mantle domain from the ambient mantle for >4.5 billion years. In addition to processes that may have occurred within the silicate shell of Earth, minor present-day chemical or isotopic interactions between the lower mantle and the W-rich, strongly 182 W-depleted outer core (W =~500 ppb; m 182 W =~-220) could also impart a negative 182 W anomaly to the affected portion of the mantle (10) . For this scenario, negative 182 W anomalies can be created in the mantle at any time during Earth history because of minor mixing between the core and the silicate Earth.
Consideration of complementary data for the long-lived Rb-Sr, Sm-Nd, U-Pb, and Re-Os isotopic systems available for Hawaiian and Samoan samples analyzed in this study (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) He argues against an origin via silicate crystalliquid fractionation, either in the mantle or as a result of early formation of protocrust.
The strongly negative estimated m 182 W value for the outer core (-220) makes core-mantle interaction a potential candidate to account for the negative anomalies in the Hawaiian, Samoan, and Icelandic suites. Some experimental studies have suggested that substantial amounts of primordial He, characterized by 3 He/ 4 He ≈ 120 R/R A , could have been incorporated into Earth's core during its formation (32) . The presumed low concentrations of U and Th in the core would mean that the core has retained a primordial He isotopic composition to the present. Thus, transfer of the high 3 He/ 4 He and low m 182 W signature of the outer core to a lower mantle domain, which eventually rises in the form of a plume from which OIB are generated, could result in the production of lavas with the observed isotopic characteristics. However, the direct transfer of core metal to a rising plume would result in some collateral chemical effects, most notably an increase in the abundances of highly siderophile elements (HSEs; Re, Os, Ir, Ru, Pt, Rh, Pd, and Au) (10) . For example,~0.2 weight % (wt %) of outer core metal would have to be added to ambient mantle to yield a m 182 W value of -18. This amount of metal addition would more than double the HSE concentration of the hybrid mantle, relative to the ambient mantle. The HSE data for the 182 W-depleted lavas, however, provide no He. In contrast to a contribution from the core, it is difficult to predict the effect of the addition of LLSVP-derived metal to HSE abundances in an OIB source, given the unknown abundances of HSE in this putative metal. Hence, HSE data neither support nor refute this possibility. However, if LLSVPs are the source of the isotopic signatures reported here, then their large spatial extent, encompassing up to 8% of the mantle by volume (41) , would imply that the signatures might also be seen in other OIB that we analyzed, rather than just Hawaii, Samoa, and Iceland. For example, prominent seismic low-velocity conduits appear to connect La Palma and Pitcairn to the African and Pacific LLSVPs, respectively (42); yet, anomalous 182 W isotopic signatures are not observed in samples from either hot spot.
Ultralow-velocity zones (ULVZ), which are characterized by much smaller spatial scales but much greater velocity reductions as compared with those of LLSVPs, represent an alternative source domain for the anomalous OIB isotopic signatures. The extreme seismic signatures of ULVZs and their very low aspect ratios have been attributed to the presence of iron-rich silicate melt (43) or melt-free but iron-rich ferropericlase and/or bridgmanite (44, 45) . If ULVZs contain mantle partial melt, then enrichment in other incompatible elements, including U and Th, would be expected, and compatibility with observed He and W isotopic signatures would be unlikely. As with LLSVPs, however, the seismic properties of ULVZs might also be explained by a combination of metal and silicate (46) . Metallic iron droplets could have been formed by disproportionation reactions (3Fe 2+ → 2Fe 3+ + Fe 0 ) during the crystallization of one or more magma oceans early in Earth history (47) . Tungsten is a moderately siderophile element, so unlike the highly siderophile elements, its abundance in the mantle at any stage in the growth history of Earth was not dependent on prior late accretion. Hence, metal generated by disproportionation may be characterized by moderate W abundances but very low HSE abundances, which is consistent with the lack of HSE enrichment in the lavas with low m 182 W. For the same reasons discussed above for LLSVPs, such domains, if formed early in Earth history, could also be characterized by negative 182 W anomalies and high 3 He/ 4 He. Intriguingly, a new class of large-scale ULVZs was recently discovered beneath Hawaii (48) , and only two other examples of this type of "mega-ULVZ" have since been detected, beneath Iceland and Samoa (49) . It might be expected that entrainment is more likely above mega-ULVZs, which may be hotter than ambient lower mantle, explaining why the signatures are only found in Hawaiian, Samoan, and Icelandic OIB.
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